of certain soil components that favor adsorption (most commonly CaCO 3 , clays, organic matter, and oxy-hydrox-
MATERIALS AND METHODS
Three reddish-yellow layers, 4 mm thick each, were sampled on 20 June 1998 (57 days after the spill). Within these layers, A s the result of a break in the retention wall of a the soil was sampled every millimeter (0-1, 1-2, 2-3, and 3-4 pond containing the residues of a pyrite mine in mm), and the underlying soils were also sampled at various Aznalcó llar (Seville province, southern Spain) on 25 depths (4-6, 13-15, 28-30, and 100-150 mm) . In addition, the Apr. 1998, 45 ϫ 10 5 m 3 of toxic water and tailings conlayer of tailings covering the reddish-yellow layers was also taining high concentrations of heavy metals were spilled, sampled. Furthermore, three adjacent soils unaffected by the affecting 45 km 2 of land within the Agrio and Guadiamar spill (0-100 mm) were used as the background.
In each sample, the particle-size distribution was deterRiver basins. The concentration of heavy metals in the mined by the pipette method after elimination of organic waters was minimal (measured in g kg
Ϫ1
; Simó n et matter with H 2 O 2 and dispersion with sodium hexametaphosal., 1999), implying that the soil pollution was caused phate (Loveland and Whalley, 1991) . The pH was measured exclusively by the tailings, which penetrated irregularly potentiometrically in a 1:2.5 soil-water suspension. The CaCO 3 through pores and cracks (Simó n et al., 1999) .
equivalent was determined by a manometric method (Wil- From the spill, the soils were covered by a layer of liams, 1948) . Total carbon was analyzed by dry combustion tailings ( Fig. 1 ) of variable thickness averaging 7 cm with a LECO (St. Joseph, MI) instrument, and the organic (Ló pez-Pamo et al., 1999) . When the tailings from a carbon was determined by the difference between total carbon pyrite mine are exposed to oxygen and water, sulfides and inorganic carbon from CaCO 3 . The cation exchange capacoxidize to sulfates, the pH falls markedly due to the ity (CEC) was determined with 1 M Na-acetate at pH 8.2. Pills of soil and lithium tetraborate (0.6:5.5) were prepared formation of sulfuric acid, and the pollutants solubilize and the total content in Fe was measured by X-ray fluores- (Nordstrom, 1982; Fö rstner and Wittmann, 1983 ; Nordcence using a Philips (Eindhoven, the Netherlands) PWstrom and Alpers, 1999; Alastuey et al., 1999 4 mm of the soil). The carbonate content diminished in this layer by up to 85% with respect to the underlying soil ( Table 2 ). The iron within this layer strongly in-
RESULTS AND DISCUSSION
creased (Table 2) , indicating a high degree of pollution.
Soil Properties and Main Components
Also, from this Fe distribution, we deduce that this metal was responsible for the reddish-yellow color. The The soils that presented reddish-yellow layers were infiltration of the acidic solution led to hydrolysis of the sandy carbonate with low organic-matter content, modfinest mineral particles, reducing the mean clay content erate cation exchange capacities, low pH, and little iron by roughly 62% with respect to the underlying soil. In (approximately 3%; Table 1 ). These layers presented addition, the organic-carbon content declined by 45% the Munsell color 7.5YR6/8, while the rest of the soil in the reddish-yellow layer. had the color 10YR6/3.
The X-ray diffractograms of the underlying soil indiThe oxidation of the sulfides in the tailings caused a cate a mineralogy primarily of quartz, feldspar, calcite, sulfate-rich contaminant solution (Stumm and Morgan, and, in lesser quantity, dolomite (Fig. 2 ). In the soil 1981) that on infiltration with rainwater strongly acidified the soil. The infiltration of the acidic solution decarsamples within the layer, abundant gypsum formed (Rit- sema and Groenenberg, 1993; Kashir and Yanful, 2000) , phyllosilicates as well as carbonates (Fig. 3) . The presence and alteration of the components present in the while the peaks corresponding to carbonates strongly decreased. In no case was pyrite detected, revealing the soil (fundamentally, feldspars, micas, and clays) boosted the capacity of acid neutralization and retention of recomplete lack of direct contamination by the tailings in the interior of the layer (this fact was corroborated by leased metals. Identification of such mineral alteration is not easy, the phyllosilicates and particularly smectites electron microscopy).
The oriented aggregates of the clay fraction in the apparently being the most active in neutralizing the acidity (Pons et al., 1982; Van Breemen, 1980) . samples from the soil underlying the reddish-yellow layer gave diffractograms showing illite, kaolinite, smecElectron microscopy of the reddish-yellow layer confirmed the presence of gypsum (Miedema et al., 1974;  tite, interstratified complexes of chlorite-smectite, calcite, and feldspars. In the samples from the interior of Eswaran and Shoba, 1983) together with sulfates that had highly diverse compositions (sometimes jarosite; this layer, the peaks become broader and lower, indicating a generalized breakdown of minerals, both of the Wagner et al., 1982; Eswaran and Shoba, 1983) as well abundant in the upper part of the layer (0-3 mm), as Fe oxides and hydroxides in much lower proportions whereas the Al sulfates, and at times with Zn, were (Fig. 4) . In carbonate soils affected by acid solutions concentrated below (4-6 mm). the presence of iron oxyhydroxide coatings over calcite grains with substantial amounts of adsorbed Zn, Cu,
Elemental Composition
and Pb have been described (Bertorino et al., 1995) . Electron microscopy of these samples also revealed that A total of 25 trace elements were analyzed (Table 2) . the S, Fe, and Al constituted main elements, while Zn, According to the analysis of variance (ANOVA), the Mn, and K were found in lesser concentrations. These values of the different layers of polluted vs. nonpolluted results indicate that, in addition to the precipitation as soils (values for the same nonpolluted soils being similar gypsum, sulfates may also be adsorbed by various Fe to those of Simon et al. [1999] , Lopez-Pamo et al. [1999] , and Al oxides and hydrous oxides, this being assumed and Cabrera et al. [1999] ) showed significant increases to be the primary mechanism for SO 2Ϫ 4 retention in a in Pb, Zn, As, Cu, Sb, Bi, Tl, Co, Cu, and In; therefore, variety of soils (Parfitt and Smart, 1978; Johnson and only 10 elements were deemed pollutants. The reddish-yellow layer showed high contents of Todd, 1983; Singh, 1984) . The Fe compounds were more heavy metals and associated elements, with Zn and Cu the reddish-yellow layer met the underlying soil (4 mm). presenting the highest concentrations. The Zn reached
The Zn and Cu became less soluble where the soil pH values of 23 090 mg kg Ϫ1 , this being 2.8-fold higher than was higher, reaching their highest precipitation values in the tailings (Table 3 ) and 230-fold the content of at pH 6.8 at 4 mm in depth. For the deepest zones, with uncontaminated soils (column UCS of Table 3 ). MeanpH values exceeding 7.6, concentrations fell drastically. while, Cu registered 11 480 mg kg Ϫ1 in the reddish-yelThe Cd and Co reached their highest accumulation at low layer-that is, 5.3-fold more than in the original 4 to 6 mm, just below the reddish-yellow layer, and thus tailings, and 446-fold greater than in nonpolluted soils.
proved more mobile than Fe. The concentration in Co The increase of the elements in the soils of the reddecreased to values lower than background in the upperdish-yellow layer can be ascribed to the secondary oximost part of the layer (0-3 mm), indicating that at pH dation of the sulfides from the tailings (oxidative pollu-Ͻ 6.4 this element dissolved and infiltrated the underlytion), which, on changing to sulfates (Nordstrom, 1982) , ing soil (Fig. 5) . mobilized trace elements (Rogowski et al., 1977; CarucFor As, Pb, In, Tl, Bi, and Sb, the concentrations cio and Geidel, 1978) , these in turn progressively penedeclined intensely from the upper part (0-1 mm) downtrating the soil with the rainwater.
ward, being less mobile than Fe. The Pb, As, and Bi did not reach the lower limit of the reddish-yellow layer,
Depth Distribution of the Pollution
while the In and the Sb remained partially soluble at 15 mm in depth, with a pH of 7.9. The distribution in depth of the 10 pollutant elements These results are consistent with previous observais presented in Fig. 5, showing that: tions. For example, Plant and Raiswell (1983) indicated (i) The highest concentrations were consistently within that in oxidizing acidic environments, the relative mobilthe first 6 mm.
ity of Zn, Cd, Co, and Cu is considered high or moder-(ii) Substantial concentrations were invariably found ately high, while that of Pb is low. Under neutral to in the upper 15 mm. basic conditions, relative mobility is considered low or (iii) Below a certain depth (6 mm for As, Pb, Bi, Tl, very low for all of the elements. Cu, and Sb; and 15 mm for Zn, Co, Cd, and In) Also, regarding the variations of heavy metals in the concentration in pollutant elements reached depth, Martin and Bullock (1994) observed that in an values similar to those of uncontaminated soils.
acidic environment, Pb concentrations reached maxi-(iv) Nevertheless, Zn, Cu, Sb, Tl, and Cd showed small mum values within the first centimeter, whereas Zn, Cd, but significant accumulations at 100 to 150 mm.
and Cu reached higher values at 3 cm in depth. The concentrations of all of these metals diminished rapidly Although all the elements dissolved in the acidic soluwith depth, at 30 cm approaching background values. tion tended to accumulate in the first 15 mm of the soil, With respect to the relative mobility of Fe, Simms et clear differences appeared. Thus Zn, Cu, Cd, and Co, al. (2000) studied the distribution of total Zn and Fe, the most mobile elements, showed similar distributions, among other parameters, inside experimental columns with concentrations increasing from the upper zone (0-1 mm) downward, reaching the highest values near where filled with oxidized as well as unoxidized tailings, ob- serving that the highest Fe concentrations were reached the following equation, for the upper 0 to 30 mm (main at a shallower depth than were those of Zn. The pH of zone of accumulation): the oxidized zone was slightly lower than 6.0. In this MI ϭ ͚ 7 nϭ1 (P/P T ) d sense, the mobility of Pb is less than of Fe in strongly acid media (Lindsay, 1981) .
where n represents the layers sampled, P is the pollution of each element in each layer sampled, P T is the sum ions present in the acidic solution precipitated at this
